Zirconium aerosol was ignited and burned in atmospheric pressure air in microgravity using a 2.2-s drop tower. Combustion products were collected and analyzed using electron microscopy. The elemental composition analyses indicated that combustion product compositions fell along two linear traces on a ternary Zr-O-N diagram. Currently, the equilibrium Zr-O-N phases are not characterized at temperatures above 2000°C, typical of zirconium combustion in air, and it is suggested that the phases detected in zirconium combustion products can serve as a guide to further studies of the Zr-O-N system at high temperatures. It is also suggested that experimental metal combustion techniques can be adopted for studying high-temperature metal-gas phase equilibria.
Zirconium aerosol was ignited and burned in atmospheric pressure air in microgravity using a 2.2-s drop tower. Combustion products were collected and analyzed using electron microscopy. The elemental composition analyses indicated that combustion product compositions fell along two linear traces on a ternary Zr-O-N diagram. Currently, the equilibrium Zr-O-N phases are not characterized at temperatures above 2000°C, typical of zirconium combustion in air, and it is suggested that the phases detected in zirconium combustion products can serve as a guide to further studies of the Zr-O-N system at high temperatures. It is also suggested that experimental metal combustion techniques can be adopted for studying high-temperature metal-gas phase equilibria.
High-temperature portions of the metal-gas (specifically, metal-oxygen and metal-nitrogen) phase diagrams have been used recently to explain the occurrence of previously poorly understood metal combustion events, such as explosions and brightness jumps observed in burning metal particles. [1] [2] [3] [4] [5] Often however, the high-temperature portions of metal-gas phase diagrams and many phase equilibria that occur in ternary metal-gas systems are not well known. One reason is that the temperatures at which most metals burn exceed the temperatures accessible in furnaces employed in materials research. In addition, many metal-oxygen and metal-nitrogen phases formed from metal-gas reactions at high metal combustion temperatures are molten and difficult to handle. These experimental constraints virtually required that containerless methods be employed, because most encapsulating materials will react with the metal and gas at conditions approaching those of metal combustion.
This article suggests that metal combustion experiments can not only benefit from but also contribute to the area of materials science dealing with the metal-gas phase diagrams and phase equilibria. Experiments on zirconium aerosol combustion in microgravity 6 were conducted, and combustion product elemental compositions have been determined. Zirconium particles of 14.5-m average diameter were aerosolized and ignited in a microgravity environment produced using the National Aeronautics and Space Administration (NASA) Glenn Research Center 2.2-s drop tower. The flame propagated within a 0.5-l chamber that was connected to a 11.3-l vessel to maintain constant pressure during combustion. Details of the experimental apparatus and technique are discussed elsewhere. 7, 8 Regular video and high-speed movie cameras were used to visualize microgravity combustion. The aerosol was ignited after a 0.5-s delay in microgravity used to achieve a steady flow-free condition after aerosolizing and burned for about 0.15-0.2 s. Since the microgravity environment continued for additional 1.4-1.6 s, combustion products cooled without contacting the walls of the chamber.
After the experiment, the combustion products were retrieved and examined using a Philips XL30 fieldemission scanning electron microscope. Samples of the products were embedded in epoxy, cross-sectioned, and polished to within 0.1 m. Elemental compositions were determined using a Cameca SX50 x-ray microanalyzer. Wavelength dispersive spectroscopy (WDS) analyses were conducted to determine local phase compositions. In addition, samples of burned powder were analyzed using a Siemens D500 x-ray diffractometer (XRD) using Cu K ␣ 1 radiation.
Large numbers of 0.1 to 1 mm coalesced particles were observed in the combustion products. Crosssectioning showed that most of them contained numerous voids that could have formed as a result of the release of gas dissolved in the liquid metal at high combustion temperatures. Typical examples of the cross-sectioned coalesced particles imaged using backscattered electrons are shown in Fig. 1 . Brightness in these images is a function of the average atomic number and, thus, for the Zr-O-N system, the zirconium-rich phases appear brighter and the phases rich with the dissolved gas (or stoichiometric oxide or nitride) appear darker. The images are characterized by brighter "inclusions" in a darker "matrix" phase.
Elemental compositions were obtained from several cross-sectioned particles and the data are represented by filled circles in a ternary diagram (Fig. 2) . As indicated on the diagram, most of the brighter inclusions contain only small amounts of oxygen and some of them are rich in nitrogen. The more uniform, matrix phase is, in general, closer to the stoichiometric oxide. The observed phase composition appears to be consistent with the results of the single Zr particle combustion experiments 3 in which a phase rich in nitrogen was detected in the particles quenched at early times, but ZrO 2 formed as the final combustion product. It is suggested that the observed composition of the coalesced particles could have formed if individual (small size) particles started to burn, acquired some nitrogen, and then coalesced. Further oxidation of the already nitrogen-rich large coalesced particle would then produce a gradient of the dissolved oxygen and an oxygen-rich external layer would form.
The open squares plotted in Fig. 2 show locations of stoichiometric ZrO 2 The XRD spectra measured for the burned powder showed peaks correlated with those of both cubic and monoclinic ZrO 2 phases, ZrO 0.35 solid solution, and ZrN. The interpretation of these measurements is not obvious, and analyses are currently in progress. It can be preliminarily noted that while the monoclinic phase is a stable low temperature oxide, the cubic phase is only stable above 2357 ± 30°C. 11 However, it has been shown that the high-temperature oxynitride phase ZrO 2(1−x) N 4x/3 decomposes below 1000°C to monoclinic zirconia and fluorite type (cubic) ␤ oxynitride phases producing XRD peaks similar to those of the cubic zirconia. 12 The standard of ZrO 0.35 solid solution is produced by zirconium annealing at 400°C for one month, and it is not clear whether a related phase detected in the burned powder samples has been modified because of the presence of nitrogen. It should also be noted that stoichiometric ZrN composition has not been detected even though the typical ZrN peaks were observed.
Experimental procedures and conditions must be considered to interpret the phase compositions observed to form in our experiments and their role in phase equilibria at different temperatures. As one reference point, the maximum temperature of zirconium particle combustion in air is about 2400°C. 3 The elemental compositions observed in the combustion products do not coincide with the locations of the ␤ and ␥ phases reported to be stable at low temperatures. It is thus reasonable to suggest that the compositions of the combustion products represent possible local equilibria in the Zr-O-N system at temperatures above 970°C. Measurements in which the cooling rates are varied or the combustion products are annealed in order to better characterize presently unknown phase equilibria in the Zr-O-N ternary system at high temperatures represent an obvious next step in further research.
Finally, it is worth noting that similar metal combustion experiments conducted with attention to the heating rate, maximum temperature, and quenching conditions could be useful for studies of high-temperature metalgas equilibria.
